Linear and nonlinear optical properties of periodic triangular Au nanoparticle arrays were investigated. We compared the optical nonlinearity of periodic Au nanoparticle arrays with that of the ultra-thin gold film consisting of randomly distributed spheroidal clusters. A pronounced enhancement of the third-order nonlinear optical susceptibility χ (3) in Au arrays was observed, and the figure of merit, χ (3) /α, of the periodic nanoparticle arrays is one order of magnitude larger than that of the ultra-thin film. Such an enhancement of the optical nonlinearity could be due to the strong local field near the triangular nanoparticles.
Introduction
Nonlinear optical materials, especially in the form of thin films, are of great practical importance for future applications in optical signal processing, optical limiting and nonlinear optical devices [1, 2] . Composite films comprising metal nanoclusters embedded in dielectric matrices have been widely investigated due to their large third-order susceptibility and ultra-fast response time [3] [4] [5] . However, almost all the previous investigations were limited to the systems of spheroidal metal particles randomly distributed in the dielectric matrices. Periodic metal nanoparticle arrays were fabricated in recent years, and the linear optical properties can be systematically tuned by changing the nanoparticle shape and size [6] . But the nonlinear optical properties of such nanoparticle arrays have not been investigated yet. Theoretical studies of Yuen et al [7] and of Huang and Yu [8] indicated that anisotropy of both the shape and geometric distribution of the metal nanoparticles could greatly enhance the optical nonlinearity χ (3) as well as the figure of merit (FOM), defined as χ (3) /α (where α is the absorption coefficient), which is more important for practical use. The electrorheological or magnetorheological effect was suggested to induce the anisotropic microstructure in composite materials [9, 10] . Recently, Guan et al [11] 1 Author to whom any correspondence should be addressed.
proposed a method to induce metal-particle orientation by applying a parallel electric field during film growth, and an enhancement of the FOM in the Ag/BaTiO 3 composite films was observed. In this paper, nonlinear optical properties of periodic nanoparticles arrays with nonspheroidal particles have been investigated using the z-scan method [12] . As a reference, the optical nonlinearity of an ultra-thin gold film consisting of randomly distributed spheroidal clusters was also studied. The results demonstrate that the shapes of metal particles have a pronounced effect on the third-order nonlinear optical susceptibility of materials as well as the FOM.
Samples and experiments
The periodic gold nanoparticle arrays were fabricated using nanosphere lithography (NSL) [6] , an inexpensive, simple, and high-throughout nanofabrication technique. The fabrication process began with the self-assembly of polystyrene nanospheres with diameters of 200 nm to form a single-layer colloidal nanosphere mask on the fused quartz substrates. By dropping 30 µl of nanosphere solution onto a cleaned quartz substrate, which was inclined between 4
• and 6
• in a chamber with saturated humidity at a temperature of 35
• C, we successfully formed an homogenous, dense nanosphere monolayer with an area larger than 1 cm 2 . After the nanosphere masks were dry, the substrates were mounted into a pulsed laser deposition (PLD) system [13] . A XeCl excimer laser (308 nm, 17 ns, 2 J cm −2 ) operating at a repetition rate of 2 Hz was focused onto a high-purity gold target mounted on a rotating holder. By varying the deposition time, gold films with different thicknesses were deposited on the substrates in vacuum (5 × 10 −3 Pa) at room temperature. After the nanosphere masks were completely removed by ultrasonication in chloroform, gold nanoparticle arrays with well-ordered two-dimensional periodic structures were obtained. Additionally, ultra-thin gold film was prepared by the same PLD system on the fused quartz substrate in N 2 atmosphere at 10 Pa, with the substrate temperature maintained at 650
• C during deposition. The thickness of the gold film was measured to be 12 nm by a Dektak 8 surface stylus profiler (Veeco company).
The linear optical absorption properties were measured at room temperature from 330 to 800 nm with a Spectrapro500i spectrophotometer (Acton Research Corporation).
The absorption spectrum was corrected automatically, taking into account the absorbance from the quartz substrates. The nonlinear optical properties of the ultra-thin gold film and the periodic nanoparticle arrays were investigated using z-scan technique. In our experiments, a mode-locked Nd:YAG laser with a frequency doubled at 532 nm and characterized by a pulse duration of 25 ps at a repetition rate of 1 Hz was used as the light source. The laser beam was focused onto the sample by a 120 mm focal length lens, leading to a measured beam waist (ω 0 ) of 30 µm, and a pulse energy of 3.7 µJ at the focus. The on-axis transmitted beam energy, the reference beam energy, as well as the ratios of them, were measured using an energy ratio meter (Rm 6600, Laser Probe Corp.) simultaneously.
Results and discussion
The microstructures of the gold nanoparticle arrays and ultrathin film were investigated by atomic force microscopy (AFM). Figure 1 (a) gives an AFM image of a 1 × 1 µm 2 area of the ultra-thin gold film. As can be seen, the gold film prepared using the PLD technique at high temperature showed a clustered surface with randomly distributed spheroidal particles. The mean diameter of the spheroidal particles is about 30 nm. Figure 1(b) shows an AFM image for the gold nanoparticle array with an out-of-plane height of 14 nm. The image exhibits a hexagonal patterned twodimensional (2D) periodic nanoparticle arrays consisting of homogenous triangular-shaped gold nanoparticles. The inplane particle diameter, defined as the perpendicular bisector of the equilateral triangle, is estimated to be about 45 nm. The out-of-plane height of the nanoparticle arrays can be varied from 8 to 30 nm, depending on the deposition time.
For the investigations of optical properties, four samples, noted as, N1, N2, N3, and N4, were investigated. N1 is an ultra-thin gold film with a thickness of 12 nm, while samples N2, N3, and N4 are gold nanoparticle arrays with out-of-plane heights of 8, 14, and 26 nm, respectively. Figure 2 shows the optical absorption spectra of the ultra-thin gold film and nanoparticle arrays. As shown in figure 2, a strong absorption peak due to the surface plasmon resonance (SPR) of Au clusters was observed at around 545 nm for N1. Such a strong SPR peak in the absorption spectrum evidences the clustered surface of the ultra-thin gold film. In the case of nanoparticle arrays (N2-N4), the absorption was greatly reduced and SPR peaks shifted towards longer wavelengths.
Typical z-scan results for N1 and N3 are shown in figures 3 and 4, respectively. The open circles indicate the measured data, with each point corresponding to the average value of 15 measurements. The solid line represents a theoretical fit [12] . As the quartz substrate has a very weak nonlinear H Shen et al Table 1 . Linear and nonlinear optical properties of Au film (N1) and nanoparticle arrays (N2-N4) at a wavelength of 532 nm.
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Re χ (3) Im χ (3) χ (3) (3) as well as the FOM (χ (3) /α) of the gold film and nanoparticle arrays are summarized in table 1. Considering the major uncertainty sources in the z-scan measurements, such as the laser intensity I , aperture diameter d, and film thickness L, etc, the total uncertainty of χ (3) is estimated to be about 17-25%, as indicated in table 1. The measurements are repeated on different spots of the film/arrays in order to check the uniformity of the sample, and the results indicate that the relative uncertainty in χ (3) is within the limits of 25%.
It is clear from table 1 that the χ (3) values of wellordered 2D nanoparticle arrays are much larger than that of the ultra-thin gold film consisting of randomly distributed spheroidal clusters. In order to investigate the effect of particle shape on the optical nonlinearities of materials, the values of χ (3) were normalized by the absorption coefficient α, because the ultra-thin film/nanoparticle arrays contain different volume fractions of Au particles. It is worth noting that the FOM (χ (3) /α) of the periodic nanoparticle arrays reached a value of 1.8 × 10 −13 esu cm, which is about one order of magnitude larger than that of the ultra-thin gold film. It can be seen from figure 1(a) that the ultra-thin gold film in our experiments is a discontinuous film, with the absorption coefficient, α = 1.44 × 10 5 cm −1 , much smaller than that for a continuous Au film [14] . Either the nanoparticle arrays or the discontinuous thin film can be considered as a composite system with gold particles embedded in air matrix. The pronounced enhancement of the optical nonlinearities in the periodic nanoparticle arrays could be attributed to the stronger local field near the triangular nanoparticle surface. Both the theoretical and experimental studies demonstrated that the electromagnetic fields at the nanoparticle surface are more intense for nonhemispherical nanoparticles [15, 16] . In particular, the tips of a triangular particle with a very small radius of curvature tend to concentrate the electromagnetic field, and |E| 2 is as much as 12 000 times the incident field near the tips [16] .
For a composite system, the FOM (χ (3) /α) is expressed as follows [17] :
where λ is the laser wavelength, ε d is the dielectric constant of the host material, ε m is the imaginary part of the dielectric constant of the metal, χ (3) m is the third-order nonlinear susceptibility of the metal particle itself, and f i = E i /E 0 is defined as the local-field factor (E i is the local field prevailing over the metal particles; E 0 is the incident field).
In the large particle limit (>20 nm), χ (3) m is almost independent of particle size. From equation (1) it is clear that the FOM strongly depends on the local-field factor. For spheroidal metal particles, the local-field factor f i is expressed as [18] 
where ε m = ε m + iε m is the complex dielectric response of the metal particle. In the large particle limit, it is appropriate to calculate the ε m value from the data for bulk Au [19] . Also, ε d is the dielectric constant of the host material for air matrices ε d = 1. Using equation (2), the value of | f i | is estimated to be 0.63 for spheroidal particles. But, in the case of nanoparticle arrays, we cannot calculate the local-field factor f i of triangular-shaped nanoparticles from equation (2) . However, we could estimate the f i value from the measured linear absorption coefficient using the following equation [17] :
where α is the absorption coefficient, ω is the angular frequency of the incident light, n is the refractive index of the matrix, c is the light velocity, and p is the volume fraction of metal particles; for the nanoparticle arrays in our experiment, p = 0.08. According to the α values listed in table 1, the local-field factor | f i | is estimated to be 1.7, which is about three times larger than that of spheroidal particles. So it is interesting to see that the enhancement of the FOM in the nanoparticle arrays is mainly due to the stronger local field near the triangular nanoparticles.
Conclusions
In summary, well-ordered two-dimensional gold nanoparticle arrays were fabricated using nanosphere lithography (NSL). The nonlinear optical properties of the nanoparticle arrays were investigated using the z-scan technique at 532 nm with 25 ps pulses. The FOM of the nanoparticle arrays is about one order of magnitude larger than that of the ultra-thin gold film consisting of randomly distributed spheroidal clusters. The enhancement of the optical nonlinearity could be due to the strong local field near the triangular nanoparticles. It is worth noting that, in well-ordered nanoparticle arrays, the homogeneity in size, shape, and distribution of the nanoparticles make it possible to get a better understanding of the origin of the enhancement of the nonlinearity, and then to further optimize the value of the FOM.
